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ABSTRACT 


This report contains descriptions of our work on two dincnsional 
transport in Si aud InP devices and spin dependent recombination in Si 
gate contrelJed pou jumetions. The two dimensional work covers our 
Investigations of the quantum Hall effect where we find that the effect 
is basically dvc. end can be measured by the application of a finite 
froaqucney. The ceuse of this effect is discussed in terms of a 


. 
. 


delocalisation of clectrons in the tails of Landau levels. The 


experiments indiceste that Jocalisation in the tails ef Landau levels is | 
caused by both disorder and the electrou-clectron interaction. Anothe 


| 
aspect of the clectronmedcetvon interaction which has been investigated \, 
Js the osetllatory conductinse In inversion layers when cherge is present 

at the Si-Si0, interface. Tt is suggested that Coulee) effects give | 
vise to 4 contribution to the activation cnergy which oscillates with 
carticr concentration. Other topics in two dimensions which are discussed ‘ 
include the role of spin-orbit coupling in transport in the InP inversion | 
Vayer and an investigation of the scaling, theory of conduction, Um this 

latter topic it is concluded that a one parameter scaling function docs 

not grist. The cxistence of the weak 2) localisation has also allovwe 


duvestipation af the vate of cnergy less of hot electrons in Si inversion 


layers. 


The other topic discussed ig spin dependent recombination jn Si gate 
' controlled p-n junctions. The signal is found to be independent of Lrequerey 
as suppested by theoretical models. We have also found a spin dependent 
generation signal of the same magnitude as the recombination signal. At 
present we do not have a theoretical mode) for this effect, future werk 
will include both experiments and an attempt to produce a model acccunting 


for both spin dependent: recombination and gencration. 


I NERODUCTI ON 


Tn this, first, report we vresent results of our 
investigations into various aspects of two dimensional transport and 
spin dependent recombination. The two dimensional work has been 
published and the papers are attached ws an appendix, thus the main 
part of this report will only contain short summarics of the papers. 
A fuller description of the work on spin dependent recombination is 
given, Work on the ballistic injection of clectrons is now at the 
stage of producing results but there is nothing suitable, at present, 


for incorporation in the report. 


2 TvO DIN 


(a) The Wigner elass and conductance oscillations in silicen 


inversion layers, 


We show that on changing the nature of the backsround random 
potential the inversion layer of the Si MOSFET exhibits the 
conductance oscillations previously observed in both GaAs, the 
source and drain regions of Si MOSViTs and MOSPETs with a very 
high concentration of Nat ions at the Si-Si0, interface. 
Measurements of the temperature dependence of conductance show 
t- that oscillations are found when conductance is by an excitation 
process as well as hopping. The oscillations arise frem an 
oscillating activation energy which is due to either an oscillating 
interaction contribution to the activation energy, or a negative 
effective density of states at certain values of carricr 
concentration. This appears due to electron ordering in a 
small current limiting region and is contrasted with the case 
where the oscillations are absent, aJthough localisation is due 
to both background disorder and the random field of localised 
electrons. It is shown that near the transition, localisation 


is duc almost entirely to the random field of the localised 


electrons, and the system is a strongly interacting Fermi glass 


(or Wigner glass), even though the oscillations are not apparent. 


ee 


he 


}- -  (b) Electron localisation and the 2D quantised Rall resistance 


Using, Si inversion layers we have investigated the plateau 

of quantised Nall resistance appearing when the Femail energy 

Ey is between the spin parellel and spin anti-parallel states . 
of the ground Landau level. When states below Ce are localised, 
indicated by a teaperaturc-dependent Lae throughout the level, 

a plateau is not formed; subsequent delocalisation of states 

near the centre of the level results in the appearance of the 


platesu. The delocalisation can be achieved by an increase in 


“ tempersture, or the application of a substrate bias, and the 
ease of this proccess indicates that the degree of localisation, q 


when present, is weak. Under these circumstances the localisation 
is long range and can be interpreted as the absence of a 


confinucus extended path through the specimen. FP 


Measurements under 4C conditions result in the eppearance of a 
plateau with increasing frequency when one is nat apparent at. BC, 
This is discussed in terms of the localisation length, and it is 
sugeceted that clectrons behave as if delocalised when the 
frequency is such that the drift length is less than the 


localisation length. 


The behaviour of Pxy throughout the ground Landau level has been 

analysed end it is show that a 'normal' Hall effect is uot 

obtained from extended states at the centre of the level. This 

is in agreement with theorics which suggest that the extended 

state Oxy compensates for the presence of localised states in the i 
tail of the level. Jt is found that when extended states are 

present in the second level (Ot -) they not only compensate for 
the localised states in this level but also compensate for the 

bottom level (Ot +) which is entirely localised. On the other a 
hand, when states near the centre of the Jevel are localised, 1 J 
and a plateau ts not found, the results indicate that weakly \ 
localised carriers contribute normally to the Nall effect. The 

absence of any effect of the weak localisation on os Js the sme 


as has been found for weak, non-magnetic localisation in both tvo 


: 
| 
a 
and three dimensions. | 


Spin-erbit coupling and weak Jocalisation in the 2D inversion 


Layer of Indima Phosphide 
Y ] 


Me 


We report measurements of the magnetoresistance (HB) of the 2D 


inversion layer of an InP MOSFET in the temperature range 


Ts 4,2 90.3K. Fox kel > 5 we observe positive MR at low 


magnetic filds B< 0.015 T and negative MR at higher values 


of B. We attrilute this behaviour to the presence of strons 


spin-orbit coupling which at B* 0 reduces the meynitudce 


interaction is progressively guenched, leading to a positive 


MR which eventually turns ever into negative MR as the tine 


= 


% localisation) 


reversal symactry of the quantum interference Gre 


’ 


is destroyed. Our results can be quzlitatively expleined but 


the weak localisation. As B is increescd, the spin-orl it 
t 


precise agreement could not be ebtaincd in the regime where the 


necrbit effeet was dominont. 


£ the negative maognetoresistance hes alloued us to 


Analysis 


observe the role of electron-celectron scattering which can be 


4, 


“ 


expressed ass two terms varying with terperatures es T and TU. 


tr 


The results do not support a suggestion that the T term can be 


expressed as Tin(T,/T) where Ty is a constant. 


: (d) An experimental test of the scaling theory of conduction in 


two dimensions 


The scaling theory of conduction has created isuch interest in 


the problem of conduction jin a disordered system. Basic to this 


theory is the assumption that a one-parameter sealing function 


exists, An experimental test of this 3s presented for two- 


dimensional transport in silicon inversion layers. The results 


are found to be inconsistent with such an assumption and we 


conclude that the function docs not exist. 


Energy Joss rate in silicon inversion Jayers 


We veport the results of measurcnents on the rate of heat 


loss from hot. electrons in silicon inversion layers at low 
temperatures. The results are interxpretcd in terms of the 


generation of acoustic phonens and it is found that disorder 


has a significant effect on this mechanism, Tn the low-disorder, 
high-terperature Jinit the energy relaxation time varics 
, ~4 : : 
with clectron temeprature Te as Ty, In the high-disorder, 
low-temperature Jimit + varies as . The clectron 
L Cc 
temporyature is meanured by the effect on the weak two-dimension:) 
Jocalisation which alJows the experiment to be performed wt Jorw 
} 


temperatures, 


Loss of dimensionslity, localisation and conductance wscillatious 
in n-type GaAs FETs 


We present new results for the transition from 3 dimeustonal (3)) 
conduction to 2D conduction in a GaAs TEY. By applying a maguct se 
field, B, it is possible to observe 2 metal-insulator transiticaus 
at low temperatures by (a) suppression of weak localisation at low 
B returning the system to metallic conduction and (Cb) shrinking 

the donor wavefunctions at high B localising states at the Fermi 
energy. Magnetoresistance has been measured over 4 decades of 35 
and for temperatures between 4.2 and 1.2 k, the results being in 
satisfactory agreement with current theorics of localisation in 

2D and 3D. We also present new conclusions for the anomalous 
oscillations in conductance with applied pate bias observed jn 

most GuAs FETs at low temperatures, The strength of the 
oscillations is related to the quality of the FEY’, being predordnant 


in commercial microwave GaAs FFTs. 


A i enh as era 
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; 54 
(g) Electron localisation und the quantized Hall resistance jn 
silicon inversion layers 
We haye investigated the formation of the plateau of quantized 
Mall resistesce in the spin split winisam and the lowest valley 
split minim: of the ground Landau Jevel of (100) Si inversion 
. Jayers. he results Jn the spin gap are explained by a medel 
! ' based on Anderson Jocalisation in strong magnetic fields and on j 


the existence of long range poteutial fluctuations. The behaviour 


of Pes in the second, spin up, highes valley, Jevel is discussed 

in xelation to the compensation effect suggested in recent 

theories. Application of a ficld of 25 Tesla resulted jn the 7 
delocalisation of electrons in the lowest valley level and the o 


appearance of the plateau of quantized Hall resistance in the 


lowest valley gap. 


ea 


3. SPIN DEPERDENT RECOMBINATION (SDR) IN JRRADTATED CATE CONTROLLED 


+ 
pon DIODES 


The small bias forward current through a p'n diode (Fig 1) is douinated 


by the recoubinetion of electron-hole psirs in the depletion region. 
With larger bias (> +0.20V) the current is dominated wore by the 


! diffusion current contyibutien., In these experiments a circular gate 


controlled diode is placed in a magnetic field and the reconbination 
current is enhanced by an amount AI when microwaves at 8.44 Cie are 
applied and resoncnce is established. The enhancement is measured as 
a firet derivative of current, by phase: sensitive detection, at the 
frequency of modulation of the magnetic ficld. The magnetic ficld js 
Swept slowly, and the spin-dependent enhanccment occurs at about 33606, 
e ‘ . 3 ; : 
The enhancement is a factor of up to 1 pert in 10°, and is of epposite 
phase to the first derivative of a degradation of current, abtained by - 
placing @ microwave absorber, DPPH, in the cavity. DPPH reduces the 
migrovave field when it is at resonauce so that part of the forward 


biasing from the microwave field is reduced and we see an absorption 


; derivative of opposite phase to the SDR enhancement. (Fig 2) 
, P A Ay P ; 
The fractional enhancement of current 1s ~———-— The fraction of 
Kecomb 
I 
Recomb 


I that is recombination current is a ra 
‘Recomb diff 


» thus the magnitude 


of the change decreases as the bias (V) increases and the diffusion 


current increases wore rapidly than the recombination current. 


ene ee ee 


: 
| 
ra 
| 
j 
| F 


The recombination current varies as exp(cV/YkT) where in theory 
y = 2 but experimentally is found to be 1.6. The diffusion current varies 
as exp(cV/kT), thus the ratio of recombination to diffusion current varics 


as exp{(eV/kT) (1/y - 1)}, i.e. decreasing with increasing V. 


This predicts that a falls off exponcntially with bias, a relation 
which was feund and is shown ju figure 3. Variation ef the gate voltage 
changes the pcoometry of the depletion region, giving different proportions 
of recombination and diffusion current, i.e. different y and pre-cxponentisl 


factors. By the application of a suitable gate voltage the depletion region 


can be extended under the gate to include the $in~Si0, interface, so that 
radiation-induced surface recombination centres contribute to the current. 
In our experiments wa first investigated the dependence of surface 
recombination en the gate valtage. The devices vere formed on the (100) 
Si surface and recombination centres were produced by irradiation with 
20keV electrons. This treatment produced a maximum in the recomtination 
cuerene just before inversion of the ntype $i. The irradiation increased 
the inversion voltage from about zera to & ~20 ‘ite, The SDR signal was 
then investigated and the g value was found to be 2.008 + 0.002. Present 
experiments are investipating in detail the dependence of the magnitude 


of the signal on gate voltage. 


Spin Dependent Generation (SNG) 
At negative bias voltages (< -5.0V) the reverse current of the p'n 
gate controlled diode is dominated by the generation of electron-hole 


pairs in the depletion region. As with recombination, the gate voltage 


can be adjusted to include $1-$10, surface centres in the depletion region. 


| 


The negative gencration current Js enhanced by the same microwave 
> 


field and magnetic field that enhanced the forvard recombination current. 


(Fig, 4) 


The SDS stenal has opposite phase to the SDR signal sinee it is an 
enhancement of a negative current - DPPN degradation ef the generation 
current is of opposite phase to DPPH degradation of reeunbinetion current. 
os : ‘ a fat PS 4 aia 
The size of the enhancement is abovt 5 parts in 10) (sinilar to t 
enhencenent). The g value and line width of the Spg and SPR signals cove 
the caac, indicating that the same type of rece ubination-pencration centre 


is responsible for both tignals. (@ = 2,00820,002). We ave present); 


attempting to construct a model accounting fox this surprising finding. 


The effect of illuminetion was investigated by shining light frovs 
-§ 
a bulb mounted near the sample. A dark forward current of +2 x 10 A 
¢ 
can be reduccd, and made negative, by light-gencrated carriers, but the 


SPR signal is-unaffected, Thus the number of carricrs available docs nat 


limit the SDR signal, nor does band to band generation. 


B-¥ield Dependence 

By using different microwave frequencies, the B-field for spin 
resonance can be altered. The size of the signal is the same at 2500¢ 
(with a microwave frequency of 7GHz) and at 4220G ()2Gilz), supporting 
the field-independent model of Kaplan, Solomon and Mott. At the tine 


of writing a signal has just been observed at 155 Guss (corresponding, ta 


a frequency of 440 Miz) of the same size as that at higher frequencics. 


Work is continuing on this topic. 
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b) 


c) 


d) 
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Figure Captions | 
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the ptn pate controlled diode used in this vork. 


Vhe SDR osipua) AL is plotted as « fraction .f the B.C, 


current J ,against T : As J Inceeases with 
nee D.C Deer, 


SER eontributien dcocreases. 
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for calibrating the iasgnetie field. The magnitude 


tho DPPH signal has bec reduced. 


An example of the SDG signal, as with Figure 


nagnitude of the DIPH signal has been reduced. 
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case Where Che oronthitions are cosent, alibouen: base 


valiant cheatin. abner the tratadiien, 


disorder ead Ghee ransom: fichteid 


Jocalistien ds duc aimost entaciy to the lem i 


systems a sie a A tnfcractny bored phiss (or Wapncr piss} ever thn oh 


are NELEeppare nt. 


Weis now known that at finite temperatures there ere correedions to the Botteimeonn 
formulation of the (yuo diacnsional OD) metallic conductance. These coiiecuous apbe 
from the weak docatisation of all states ia 2D CAbrahias ef cd F979, Garay etal 1078, 
Haydock 19ST, Houghton ered 189, Ravel and Afeut PUS}), end cause the cond tance 
of a 2D syste in the metallic’ range to vary as a power of temperature (Davies end 
Pepper 1982). Anepprosimation tothe power kav whichismdisiinguisheble from it for 
small changes, is the now well Lown logerithmic conectiou (Doolin and Osherois 1979, 
Bishop ct a@/ 1980, Uren et af 1980, Uren etal Wada. by Kaveh ered Lest, Davies otal 
1981). Tt owas first shown by Uren cf a/ that interaction effects which give a similar 
correction can be separated by the cffect of a miapnetic field. However ia Siinversion 


layers the interaction contiibution is only significant in ie presence af a nigeneds fieid 
and the principal mechanism determining the correction ts that of weak locabeation, 
This type of interaction effect is only presentin the metallic repime andis uotrehsted to 
the effects discussed here. 

Recent findings on the corrections do not entirely change the conclusions of caries 
work on the thaosition between activated and metallic conduction (fot eral W978). The 
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to 2 was extrected asa function of os these results are Hsted in the first (eo calunins of 
table TP. Vhe obtained N@Ey) was considerably Biever than the value of NOs for the 
(HOU) St stu fice (17 X OM eV Fear“) indicating that the cleetronie randean fel sas 
effective in localising. We hove ostinated the chenpe inthe value of 2, d/, fiom the 
relation 
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Josahsation of conifers by the rendoni fit produced by the losahecd cheelvonis. Tis, 


then. in view of (he approximate pature of de caechitions, is strong evidence for the 


syste being a Whoa eiaesy a con fusion not ereatiy chanced ifieo allow the assticcd 


vulue OF NGA) tocehor within rosseneble limits or assume a diforentexpryssioa foe 


caleuleting the ich cero soporcHon, Pn those Ch eunisninens we would expect brat 


the hopping coudhiction observed ai very law tomporutuics ts a uoudttecleetiga puecess 
as discussed by Kaoick and Polio k GO? Khou (To) cad Adhigs (L078). Phe hater 
1 


visa conchited conductor paces at bieher terapersdires i whch 


paper also coud 
the moviity cdee dees pot playa stp nificanta role ce envisuged bere. 
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pressntourrescis oa this phenomenon for Siinverson fevers: these rave strony ov der oe 
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funcdon ofa curicr concentration stiown by 2D) svsteis ai low temmoriiures, \ 


that fhe cause of the oscillations is the Coulomb interaction bety con elections, 
Previous investigadians Of the Gansport properties ofl cious tiatwo divenstos al 
shectin GaAs showea that wack the caters Werg logubecd the can frctanee escily ted 
as a function of carter concentration (Pepper 1Y79). In this work the oo sdiatioss 
occurred when the distance between cleotrans was aniuiiple of foodncutel distance, 
indicating the clectroninterectionasacause, (Miore decent work (oii heaand Vow nse ad 
1982, Poole and Pepper JOs2) indicates that the separation of Ure nintnnein the oscil 
lations can be Hnewr with carrier concentration.) 48 this bohaviod was in the regime of 
strony, localisalion it appeared baplich that at arose frony the contabuion of the 
clectron cleetron coutuibution to the activation energy, being a maximum whe tee 
- electrons are most ordered. However, if was not clear why electrons would ation pt to 
order at certiia Values of carrier concentrations when the background potential gree 
fiom randomly distibuated donors, Recently Dathicasa (L982) has ottempted to remove 
this problem of the beckpround by proposing that the ordering arises front the dichectric 
propertics of localised electrons. On this modela whole series ef order disorder thine 


Sitions occurs as the cartier concenttation is altered, although, because of the existence 
of the random donor field, the ordered state willbe aplass rather than a lattice. 
Conductance oscillations lave ihe been observed when conduction is in the accus 
mulated surface of the source and drain regions of Si Mosrits, and very weakly in 
inversion layers when a very high concentration of Nat was present at the Si SiO 
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interface (Peppereral 1979), Suucture inthe differential ofconductance reported carlicr 
mey have a sindha origta (boar and Howard 1205, PollitC cad 1976, Videy ct al 197-4, 
Cole ef ab 976). We now discuss the mannce in which pronounced oscillations can be 
induced in the inversion layer by varying the form of the bae 
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in the channel, changing the nature of the locabsing fetd, can induce the oscuhitions in 
the sume way cs isipurity centres in the soiree fra drain aeccsarehetis 
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Figure 2. Yhe oodillations in transconductinee, as a function of substrate bias, in the 
devices. The temperature was 1.2K and Vyy was L3asimV. 
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in hot elec Gens being injected aver the 3.36V barcich at the Sp SO. nutorfece ond 
subsequecily dappedin th: SHCh sn thodnterfoce. Afteriajecdon the thy cshold volt ce 
became more postive, indigating that’ Ss du! on 7 electrons were beppod in the 
oxide; the mobiliiy (for non docused eh etions) was redticed by 7 ftG cud at br 


Values of cra tier comcentieGou dans con ectence ascibdion a vwore pie cut dilaach a 


clear periohicity was bot copparent (cf fienee 3). The eppheetion of e oubsthate bias 
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avalanching. Vayu was Ob. The miamtcts indicate the fosation af Ay used: in figure S. 


Sta, VE he ee ikl Le ee 


Pe cet ee gee 


LG22 Letter to the Ediior 


altered the dependence on (he pate vebare ofthe o  dhidions, confining that they were 


caused by electrons in tie inversion taver. As oxpected, the structuce shaipohed with 
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nV indicated by the nunibers (1,200. 7) tat treare 


was clearly due to the absence of thenaal smearing. Increasing the pate voltare cuused 
the oscilkitions to disappear when the conductance becarie roughly ind: pendent of 
temperature (the 2D Jocalisation and interaction cotrections were not investisated 
in this work). The detailed fovaperatise dependence of the ovcillitions in gure 4 is 
shown in fdipure 5. As seen. at the lugher temperatures the resalés fit the biw o: 

Mexp(- WAT), regardiess of whether o is a maximum or minimum. At tow 
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temperatures the poiuts leave the extrapolited plot am the miainer observed when 
‘hopping’ Getopmines the conductunve. “Phe seaner of points aad initial deers of 


conductance fi the regie ds pot enon but ik reproducible oad is ala found ter 


oseliticns In GuAs, ae ds the veiy Weak dopondonce Gn teaiporeure af the lowcost 
toperaberes, 

Jiisstuting (het the bohavieur a: crexrQ VV! 7) is idendead tof 
conventianal miversion biyers, cxeept that in the beficr case Vo es eat Ey 
with inercusing a Gnd ag Oia (Od en), CA decel iatatmais de Getivation Gig sy 
Gee to Nat inyiiics Geenes when condicton is by dioppiaes cadet by oxciiatien 


(Osa tstein and Fowler 1978)). We can equate aa wih oo HP tis a afake et 4 


at fosnad in 


current dantiing pepiias (LE In oavder to davestingie this de sioaty ba vanicn posit 


dominant portion of the miyeetet oxnte chamse, tho Shiaailes Ge Tigges efieet & 
measured. Vhe Ghresholt veliice fou from tien SJ 


Serene) 


o 5% any ta% w 
LECCE WES 


alions baad tie proeaviherets Velues dedi eins 
and Peri fors Tratte d 


ta Uinelenty a smn } 


Vis Gace: 


the channel was affeeted by the onthe che 


aan ie bo ey 


this esut® supports the view that tis ospeeci patio Of bss current Iiedtine 7 
consideraity rieater thon thater the dovies (L005). ond the vais Gof Oobrcqule | 


Cqusie Oa ith, Nn is peat Uilreananchle. 
| \ fy 
; ; Vwere ealy ob.crvest! it the he rr : 
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Wos bossd on on Csotladege dorsiay of states ween hide posi lo, 


wanuaiber at expla 


This type of behaviou. coukl cuss fram one aiingrsterad bob weet ar poicehiciom 
tspevis of tionsponl, Piowever, Cie oscillating bot deen Gi bese ebay Cae 


be oypdohicd watnoutief renee fo the Coclonib gain Gor Coulomb ceadibuiion te tie 


wivabencnerey), andar, ous pelited tothe cadlicn oan ofa Conlon) comuburon 
tol By (Peppererad ioe). The observation of thy oss tiaas oiler teniped chin & 
in Gads (Voole and Pepper Isle be pub hod) where conocer ds by aprios 
shows Grit ihe same dateroetiod is present. Phe chasse da the celvetion enorny wich 


occurs en fotig fram conduckinee main te mins 


naisalviayve ereuter than phe 
Chango Avior for (hese bye volves of cia ticnd come ntiatiog. However, this chance 
€ 


rahe: 


is abays much Jess than the mean value of ecessgr and so can be sath 


aceaunted for by cubanced ordering of the chetion distibutions we da aot have a 
suprestioa as fo the cause af the ordering odie: than Uiatof Dsthicusa (e2). AK 
alternative descopdion of the effect is a neyative effective density of states postubkted 
by Bello ef al (esi) for Wigner condcnsation in 2D Giese Cheashit and Phach loi) 
However, this treatment does not yteld a series of oscilkttions as found da the 
experiments. 

From the experimental point of view itscenis that the cleetroa-clection inte racthon 
produces Chree different effects, which are related. Dnitiely, with a very low electren 
concentration, the system is at non-interacting Fermi glass. As the electron concen: 
tration Increases, depending on the type of potential huctuations, there ate three 
possible consequences. 


(i) Interactions reinforce disorder and there is a smoath progression to the inter 
acting Permi glass, or Wigner glass, in which localisation is duc to disorder plus 
iiteraction, Vhe localisation energy, Ay) Ey, decreases fo zero smoothiv with inereds- 
ing, although the effect of the mmteraction is ta cause fe. to rise, 

(ii) Vhe type of random potential allows a imeasure of ordering te occur due to 
the strong electron cleehon tateractioa. Localsadon is due to disorder and) the 
Coulomb intersection but sharp chanpes in &. - Ay eceur at certain criGent values of 
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Carrier coneentration ybang rise fe the conductince oscilkitions. Phe wor reperted 


here suerests taet thi. occtus When Cac cutrent hinting region is sail, 
(Gi) HW the bacheroand diserdoi is sufficrsndy weak then tho monber of cari rs 
Jocuhs hin small 2 10P cin?) ood the Coulomb interaction docs not appear to 


play sorote. Tlowever. on the tactic side of te Gonsition g doy enerate electron pas 
with fow sais obscived ead here Cowtomb effects ingy be sippificais, perticubuab, in 


the proscuve OF a tagnetic ficld (Wien ef ab bend). 
We bay ato foucid that oscdietien. can be dduced when postive chapes. dt the 


f - a ; Ma, iets etd : 1 
Pin the SiO. near the Se Sie taf ve bs election 


far of turpped hots. is 


eam dation. Pia Oscdlaiais ste tost pronounced when a nora. Fine ef cha ge |. 
is crestoad cindae weobor when tho whole dovice Grea is inpodieced (itis rosuln fuss ted 
ihoaboon found by ROA Davies. priv. ie icaiiog). Siniiiagia we have not fecud i 
Osaitinviitis Who auoiversion Tayeor i feimedion o dighhy dap od sebetrate, wheres ! 
they con be found in tho ditiused resigns and clin beanie ld Vehore of ¢ ae 
few nocrevelis, dadieahog a snl current ritiie resien, 
In the expedient. reported tere, the prosespomentich factor o 
consiint from stroucly octiveted aoa just motdic boboviewn The. 
Whelo current dinahhs dertos piven Pee fo the asciian 
‘so and Uist this PesMOdE TS CHEE saiiioosds fe the chet 
velbconly siroaedy abseny ob veh sina state ugh Sinai aor 
Of clocbrens is proseat. “Pius inay bo due te a small leasth oven vu bich the chin 4 
behavicur ds coherent. oud as this locih increases the oscillations Polos igi everoces 
to zona. Taeresscd ef the curreat Iauiting rerinn may be the couse ofthe ubeciice 
of any Clear pore sigity af the oscilvtions. This new be a fumdessemab phy deol 
lonitatiod oF a rehcsden of the vecivden in backeieuad charge exer ae harper ares. 
The cried interplay of divardor (dae to oxide chocpe} is asin Cod bes differenees in 
the ossihiiery benavicds between clips on the same siicon weter. ane® ata by 
diffurences taduced by thermal eyehag between toon fenpenagtig efd atk, 
The results wil discussion paesented here concentrated on the docaliscd regime. 
However, the effect hus now been obscrved ina weaker form ia the nivtelieieriioe 
in GaAs. Vurther details will be reported shortly (reole and Pepper Wel to be 
published). ‘ 
We have enjoyed miany discussions with Professor Sir Nevill Mott, Dr P Townsend 
and Nin Vo Ratchen of Pssex University and Sir DA Poole. This work was supported 
by the SERC and, in part, by the utopeoan Research Office of the US Anay. Aid 
Uren possessed an SERCO OAST: Studentship with the Plessey Company and the work 
was performed when AF Pepper was on leave of absence from the Plossey Company. 
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Phe Shubntlow de Hass effvet exhibited by a two-dimensional election pas has been a 
topic of favesfigation since the intial work oa Siinversion layers (Powler era’ 1G04}, 
Recently intcrest fas developed ia the Hall effect when the Pormi cnergy fy is in the 
density of states mindie: between Landau levels. Wahabayesht (1978) and Wakabayashi 
and Kawaji (980) showed that the Tali conductivity deviated froin theory in these 
regions aid formed a plateau independent of carrict concen tradon,. Subsequently Von 
Klitving eta? (2809) found that the value of Dlaibresistince ithe ploateat regions was 
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field dependonce of o,, meceuuted directly wil at specici of Corbino poonieiry. AS Is 
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First, inclessing the current Gemperature) produces the opposite effect oa prey 
between (Of J and (OQ! 1) compared to between O and 1, Whea fy is between and 
Jincreasing J, resulis ina decresse in the width of the phiteau. However, when Jp is 
beiween (4 -) and (Ol +) increaving #, results in the formation ofa plateau. Phis ts 
also illustrated in detail in figures d(a) and (bP). itis seen in figure da) thata plateau 
exists al 2.4 18 aud then collapees as the temperature is lowered to 1.5 NK. Ttis clear that 
decreasing the temperature results in the localisation becoming apparent thiourh a 
decrease in conductivity and the disappearance of the plateau, Pirate f(a) shows that 
once the platcanis formed in tis way ifean then be removed cea by further inercasing 
the current in exactly the sume manner as the romovabof the phetcau between Gand 1. 
The subsequent removal ofthe plateau is not rebated to the local: ation butis due to the 
increase ING,,. 

The second feature of the fipures is the presence of the pliteauin the span pap when 
there are extended states in the (0 fo --}level, but the entire (Off ) levels locidise dian 
shows fonperatibe- dependent conduction. This indicates that Ue extended states in 
(O74 > )ite compensating not onfy for the localised stites in this devel but alse for the 
(04 t) level. Tis sugpests tho tthe compensation mechanisnn is more poo rab itn has 
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Figure 4. (a) Temperature dependence af plateau region between (0 fy and (0 | 4) be vels 
(1, = 0.08 pA): (b) Curent dependence of phitcau region between (Of jand (ay 4 levels 
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been suppested. This has clso been obrerved in the Hall cuirent exporincent CRawafi 
and Wakabuyoshi 19ST), where the lovoot level shows eclv ated behaviour ead there is 
no plated in the pep reson between (Oyo) and (O 7) but between (Of > ) and 
(OL 4). 

The case with whit th localisation cabo changed in Giese specimens is evident 
from the creation of aqgdoican by the eppuccion ef a subscate bias ef LON. The 
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decrease ii foc ocvVidentibanran ob.cry. 0 increase ia 
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Og, atthe contre of the lever. Pn the obscuee of a magnetic fold stattig do tocwtsation 
effects are observed (Pape 1977) and tieve boon rchated to the Ge credit Leth scate 
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observed at dow fcpucnedes on be 


exponents. (hese effets are notrelated to the observation of the true inversion layer 
conductiice Wher a substrate bis is applied to a contact limited device (Wilson coal 
J9S81). Transport when domiaeted by localisation in the contacts can be mistaken for 
iaversion layer localination (Psuiand Alicn (975). 

These besnlis pive stron: support to dieories suggesting Uhatestended states must be 
present for the observation of the quantised phiteau, However, when AC messtre ments 
are performed a plateau can be observed even when all tides are localised ancla plateau 
is not found under oc conditions. This is show nin fieure S where, atlow frequioncies and 
low valucs OF cutiepl, a pitieatiis pot present when &y ts between (Of yand @ a), 
Increasing, the frequency result. in che progressive formation of the phiteau, a process 
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local Phen We thoy tse thin valug ef Wy, Hf 
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where ais the decoy constant of the wow fanctien end vcs the fregteiey an th 
applied field this ieessentiahy Cie condhoa for tin docs sion te boecor aninipest ot, 
Whe difivelocity Vy is tscd father thi tie Gi busivi is 2) boca ite 

the eloctian is pot scattered apd 22 as not pa ve dh ot 
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beesusy electrons ithe centre a 
band tb drags notch cavabte when Ay lies ie thos. states boosie 
INoasGe scattering. Ve suowld be noted. bowever.s tha weber w 

cohtpensafion erectorthe dintvectoory Vy the cafcab od hadi oaton loguad 
AS discussed canis, if the extendod states inthe (Gj) fevei are cosaprens 
only for the localised states in this bevel but alsa far ihe (OF 4 plevel tae diiftiveb ity, 
andhence the locidisetion fonpth. eficetively doubles, Phos even. the pr csenbexperr ent 
does not yield an ceeurate frequency for the Onset of the plate ui. end sa we ce anhes 


Wihe nyu 


Se Rese, Pos 


quivitititively discuss the localisation lengah. 

At the dowest vidoes af current (10 A) the eficet of facreasing the frequencs was 
difficult to establish bosuuse Gf the nope, Comequenthy Was bo possilie to exes ine 
the frequency depencenee when the currentwas potebios tive in deloo dising cai si 
was noted that when the plateau was presend itenged to pagpow Stich iy With ibe. sing 
frequeney. Oul previeusmensurements of conductapee iy Ue mingnunrar ACh, Create 
abayashi and Pepper LYS?) showed thatthe change ia. With dgereesiay (requ. ae. Was 
small and could not account for this narrowins of the plateau. Phus we attibuts the 
effect to the progressive removal of the consequences of the lacehsation of states ithe 
Landau fevel Gil as tie frequency dncreases. The states in the Gail wilbbe more thily 
Jocaheed than tates in the centre, and consequently hieher freqgedcies are requir od to 
remove the cffeets ot legalisation. Capactive oss problors with large ceamictn devices 
prevented us from investirating fegueacies above TOKE Z. and so dhese effects contd 
only be observed whos the cloction toniperature was increased ted vrtie such that the 
DC plateau wes on the verge ef appearing, 

The results ofthe frequency dependence are i qualitative astoement with our. sults 
on the temperature dependence, namely thate tended states en stifes which bob ve as 
extended are required below dy for plateau formation, Vhis freaueney effect caieonty 
be found at low freqacneics because the Virtual removal of scatteriien when dp as ithe 
mintunt oF NG) results tat toae inchistic scattering: tine end die wavefuncsaa is 
cohytent over Large distuices. Deeause the localisation is very weak the behavicat is 
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quite different to thatiarepimes of strong localisation. In this contest strong locatisation 
would correspond toa esefotron orfit bound by an impurity potential, as surpested in 
Gulicr numerical work (Aoki 1977) and recent numericad experiment (Anda 1942) 
showia;, the exisience of aimobility cde ina deuidau devel. The docebsation soar the 
centie cd the level is then due te comparatively loar range factiotions ii potentiol and 
reseided as potential barriers scparauing regions where ihe wevefuncdon is exterded 
below the Perma devel, States da thy tals of the fovels aie localicd by the shortens: 


potential, The role often perature in dclocelising is to remove the barnen by exp iid 


the bandssidih of co tended states. This monns the mobil 


tyedpo, kyo maves away fron 


the consre ef the fove Dwith dncreasing tempenitire Pb his touiporatine dopoadenee ai i 


hes animes of possthle origins: such ds screening, the loniperediure dependence of the 
Coulomb contibutiou to (he locahsing potential aad therm exciiauen, 


Wihe exist pee of a conductor path tapourh the spectaciis uscd as the citer for 
H : } 


the presence of cstended states then the flequoney effect can be explained by the 


localisation lengch baie the effective soccimen lengih. As soon as the ac drit donth 

becomes less (han the dove Becdion boneihofstetes below Joy the platcuu sh ouhbomocur, 
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Fipure 6. Gate voltare dependence of inversion layer corricr density, un, for a different 
stthsteate bias conditions: --- = Vy Of. =< Van SMR OTP EO ROTI plates 
isobverved when Via 7 SV The stoatght dine i the canter concoenthation obtained frony 
thos CAV, Vives where the threshold voltage Up wey detenmiied from the poitod of 
the Shubotkey de Haas oscillation inthe standard way, 
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We now consider the bohaviouwr ofthe Dhdbeffectthroumout tie Lia tag bevel Plats 
behavior is particukaly delevantin view of the surge Gans that the presence of Ges 
plateaualcis the behavicu: of a, whom stees abd cre sconded, Qor proceduie bs ta 
calcuhefe Po umrber of 
(Al qguanfiy to the rec peciil, 
of applied pete voltace ond Greshold voluige respectively. We calculi ay. from ts 


On bayer CHHicis, Maa, Mor Che THotledoet end compos 
miven by Cav Va )iey whe ie Ve and Vy ere Cig tal. 
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relation 
4 oo J ’ vy 
Nas =" (BAY CG, fe OO, : Blepy. 


As states fa the tails of bocacteu levels aie bheccbsed the value ofa obfcnecd nmearile 
cone atthe d veblisnoteaperted toedaue! CLO) o Vaio. However, the rate Cfehan cs: 


Of iy WHEY, shoukbts simply Co fe, provided the eater fed stiles are piviiie Hise teat 
Snormol badheflect. In fie Gwe shaw sg, plotied againat Vy ror two difforent substrate 
bias couditioje anda come sponcing pressive and absoneo ofthe phialcanithe spd, 
Wiis scen that, near the cvitre of the dorndtau devel, a is botow: the tous cainict 
be nv gadicating the rood 


contentraden. and then tess above ifas Vy is uieredscd, 


value of caries Concentrcdion passes thiat 


hhuhie centre ef ube plateau, biev ever, Cie 
rate of change ofa, Wah Vion the centre oi Vie levels given by 


isabscnt. When the plitesware sion is pres utthistncaritvcn oe ih Vbscheent Dil. 
is cVidwiee feet the prosenee Of the plateau reedan distosG the value ofey Geearhes t 
the region ofeatcided stites roa tie middle ofthe level Mecaues ai thl Coste rion ils 
rateofcnang. CLia. With Vy is clways diferent to the ready cli. Powe 2 
Inthe contre of (re leveliaie wealdy localiscd th. phiteau booetprosentan pow tho pets 
of chanpe of a, y WHth Vyas corel, The saie iforence da bobavorr bot en ph 

and ‘non plateau’ case js found when we enlcuinte may Uline, Une Siaphasd qa 
expression Coveloped by “indo efal (IY75). There 


err We A iho) oy 


o 


ay 
where @ is the width of the Lind:u devel piven by Pe (fra fca)M) whore cis the 
cyclotion frequency and Tis the scadtering tio inthe abscnce Chimaunctic tek, 

Thus, in summary, these results qeree with theanes that the eatcnced state @ | 


compensates for the presence of localised stites in the tal ofthe level. Wohen states ot 
the centre ofthe level are y caldy Jocetised the phiteau of quantised Hallresisianceisned 
present when 7 isin the tall of the devel and the compensation effect one, is net 
observed. 
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riven by equation (6). 1, has only a small effect on AA However. in fipute 2 tye is 
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In figure 4a) we have ploticd the quantity V7. aeainst Pfor 2. S83 30S pac, 
Where 1, has been caivected froin the fits ofequation (6) to the exporter rial data. Pits 
allows the values of tie constants A end 2) tobe found where equation (@) 1s teva Stn 
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(yds). Ate Ws TR band Bo te OS TE Stor dy | BGS me Cats £8). 
Thus in bath cases the first term of comition (7) is dominating, incicatiay avers with 
a high depree of disorder, Plotting Ina, aeaiastin Pwillpise astiateht lane reno ship 
as shown in figure 40>) over the small range of Pwe have comsdcied. Papressing 1, 
a composite of the two laws, the great ofthis plot gives covatue for Ue censtint yin 
equation (2) which becomes land det ior Ly 
interesting fo note that when dyf~ De 7? component of election choctron seatierinn 
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results in the virtaahcumineation eof ccllsions where the chances in Ay ean be proaien nw 
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Aky. We note that the use of the expression dcrived by Abiohsiae eval fort) res tts in 
acolculated time witch is approntadtely a factor of Fn 71/7 hicher than the eee 
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Figure $. The percentuse charge in A, ARSR, is plotted apainst Pnormalised to To 4.2K 
for vations values of 7. The full curves are fora guide only. A, Aye GF ine VR 7a VG 
C, 207 nicV; D, 305 meV, 


is a devietion from the logarithmic dependence upon 7 predicted by equation (©), 
especially at hieh AY. The pronounced fattening’ in ARZR with falling Vis duce to the 
Increasing derinaace of c, ever a. No tummover in the direction of ARR is scen. 


So far, however, we have neglected the contribution to AR/R from the election - 


clectren interaction piven by cauadon (3). Even in the limit ef strong. spine orbit 
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Some reproscilitive posits, forseveraleatiicn concentiations, are shown in fisure 1. 
As canbe seen. the rosulis donot fit ona taiversab curve, rather the results for caeh 
Catliet Concenticden filons pute curves. with stapes apposite to that predicted Sy 
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scopy ressonatve to iesuine that they ere not important in the intermediate region 
cither, 

(i) The assumption that y yt isinvalid. As this is such on Pmportontassumpion 
iis worth investigating further. dn the week scettoring dimitatis known thet 2. 
(D1) Phere is. however. dae) of serceme atia the literature os ery hat the epproap nate 
forms when deviations fram mietathccondietion become ipartant, Wthe unperturbed 
value of J is uscd. with 4% 1 thea ye 272. Altermmatively the perturbed valus of 7) 
can be used. As the conductity is propo: donal to the dittusion cocfheignt., Dore, 
Lee OT l" so that in this case yo PQ — 2). da both these cases yo ie), so the 
assumption is valid. TO boon suggested by Abrabains cle! 9st) that the cleciron 
electron scatters rate to dh fact varies as 
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fions; this ismuch tess than dhe variation necded to evphiin the results. Furthermore, 
recent experiments do not support this formubr and indicate that the Inv term is not 
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present or is conddcrably less than Abrahams ef? O82) propo e (Peale et al 1982, 
Uren etal les, Divivs cand Pep per 123), 
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rather Gar oe OFF). This discrepeney prompud « careful check of the original 
curve fitting, Syateuctic deviations were found between the fitted curves and the dita 
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The reason for tht becomes eppruent when the Ovo forms are expanded cs paweet 
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The caperimontal rests indicaic that, as far as such an expansion is valid, the second: 
order term's prefector fas a valus between } and 1, 

In conclusioa, the salidity of the assumption of the sealing theory of conduction has 
been experimentally tested. A fscaline function” bas been constructed butait is not a 
universal function asthe AALR theory cequires. and overtepping Values of fare fount 


depending on g and Permi cnerpy (clectron derisity), Various other possible causes fa 
this discrepaney have been considered but none has been found capable of explainigg 
it. We thus conclude that a one-parameter scaling fimetion does nat exist. 

As previous work das indicated thet caponential localisation ts presentin the bund 
tail (Mott etal JO7S), Unis piesent work indicotes the presence Of a “mooitity edec’ 
separating, exponteatiany focalised stites fram weakly localised stittes. This Hay aba 
been suprested on the basis of theory by Haydock (IG81), Ravel cmd Blot (ie ba b) 
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and Azbel (as2). Hisalsaia agreement with ou cation resulis indicuting excitation to 
eomobility cdee, the location of which was not determined by en inelastic scattering 
cuboll, Le. the location oft edges was not temmperatuicedependent, A quasi-mobility 
edge produced by ineloote seatioring eexpecte d fall states are exponentially localised, 
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